Acid-base balance disorders can be found in a primary or secondary form in patients with a disease process such as Diabetes Mellitus or acute renal failure, among others. The objective of this article is to explain and guide the correlationship between the clinical findings in the patient and the parameters of arterial blood gases in a simple and precise manner, in order to make the correct acid-base balance diagnosis and adequate therapeutic interventions.
Introduction
Over time, researchers like Henderson, Hasselbalch, Stewart, Siggaard and Andersen, among others have contributed to the basic understanding of acid-base equilibrium. However, discussions are still ongoing regarding which should be the approach in clinical practice: a simple, reproducible approach or a complex approach with multiple laboratory parameters? Considering that, in the end, the clinical approach to the patient has diagnostic, prognostic and therapeutic implications, a fast accurate process is imperative [1] [2] [3] [4] [5] [6] [7] .
Methodology
A non-systematic review of the literature was conducted in the PubMed, ScienceDirect, Scopus and OvidSP databases. The following MESH terms were used for the advanced search: Acid-Base, Equilibrium OR Acid-Base imbalance OR Acidosis OR Alkalosis OR Hydrogen-Ion Concentration, included in the title, the abstract or the key words. The search was restricted to articles published after 2002.
The articles were then selected according to the title and the abstract and sorted by topics considered relevant by the authors for detailed review, including history, pathophysiology, consequences, divergences, clinical approach (according to various authors), diagnosis, prognosis and management.
Physiology in the Henderson and Hasselbalch traditional approach
Free hydrogen ions (H + ) are found in arterial blood at a concentration between 35 and 45 nmol/L, which is the same as maintaining a pH between 7.45 and 7.35; pH is defined as the negative logarithm (base 10) of hydrogen ion concentration in blood [8] [9] [10] . Hydrogen ion (H + ) concentration is one of the most important parameters in acid-base equilibrium and depends on the interactions between partial pressure of carbon dioxide (PaCO 2 ), bicarbonate ion (HCO 3 − ) plasma con- 
Compensatory mechanisms
In order to maintain the acid-base balance in extracellular fluid, changes are compensated by:
( and the collecting duct in a 1:1 ratio, although they represent only a small fraction (titratable acidity). Bicarbonate then becomes the main non-respiratory metabolic control factor in acid-base equilibrium [4] [5] [6] 9, [12] [13] [14] [15] [16] .
Importance of pH maintenance
Acute changes in blood pH induce regulatory effects on protein and enzyme structure and function, leading to changes in cell function such as glycolysis, gluconeogenesis, mitosis, and DNA synthesis, among others 12, 13 . Hence it is important to understand the concurrence of elements governing pH maintenance within physiologic boundaries, such as HCO 3 − , H + , phosphates, albumin, Na + , K + , Cl − lactate, urates, keto acids and others, enabling the preservation of complex and efficient cell functions related to acid-base balance [12] [13] [14] 17 .
The Stewart approach
In the late 1970s and early 1980s, Canadian physiologist Peter Stewart proposed a different approach to acid-base equilibrium physiology and disturbances based on a math-ematical model in which body fluids were considered as a physicochemical system, supported by three basic principles: (1) Maintenance of the electric charge; (2) which are partially dissociated in the blood buffer 1, 2, 7, 13, 14, 18, 19 . SID is the difference between the sum of plasma concentrations of strong positive charges (cations) and strong negative charges (anions), the most important being sodium, potassium, calcium, magnesium, chlorine and lactate, which are totally dissociated and do not participate in proton transfer reactions. In plasma there is normally cation excess, explaining why SID is a positive value usually ranging between 40 and 48 mEq/L (charges and ions present). An increased SID reflects a rise in pH (alkalosis) and a lower SID reflects a drop in pH (acidosis) 2, 14, 20 . In order to determine the metabolic component in acid-base equilibrium using the Stewart model, the strong ion gap (SIG) calculation must be taken into consideration and, for this, the strong ion difference apparent (SID a ) and the strong ion difference effective (SID e ) must be calculated first. SID a is determined by the formula
, where the contribution of weak acids is not considered, whereas SID e is determined by the formula SID e = [(2.46 
The Siggaard-Andersen approach
In 1960 Siggaard and Andersen implemented a method using capillary blood to determine acid-base balance based on the Van Slyke equation. This method emphasizes the use of base excess (BE) or deficit, representing the number of additional acid or base milliequivalents needed to be added to a litre of blood in order to normalise pH at 37 • C. In this calculation, PaCO 2 and pH (measured) are considered. This variable is divided into BE and standard BE (SBE), the difference being that the gas machine calculates the latter based on an estimated haemoglobin concentration of 5 g/dl in extracellular fluid 6, 24, [27] [28] [29] [30] [31] [32] [33] .
There is a direct relationship between SBE and changes in SID and weak acid concentrations. This means that a base deficit (negative SBE) corresponds to a positive SID and reflects the presence of non-measured anions (e.g. lactate), while positive SBE corresponds to a negative SID. Consequently, it represents a reliable measurement of the metabolic component and constitutes a practical tool for clinical application 6, 24, [27] [28] [29] [30] [31] [32] [33] .
Considerations
Derksen et al 19 . showed that the Henderson-Hasselbalch method may be considered a simplified version of Stewart's general model and that the two are not different despite the fact that the latter considers more variables, because, in the end, the clinical interpretation is the same. When Stewart's theoretical model is compared with the traditional rationale, we find that it offers a clearer understanding of the underlying pathophysiological mechanism, but is no different when it comes to the diagnosis of acid-base imbalances, or the initial therapeutic management 19, [34] [35] [36] [37] [38] .
There is no consensus so far regarding prognostic implications, because a higher SID has been associated with unfavourable results in some groups 19, 39 , and base and lactate deficits have been found to be independent mortality risk factors in trauma patients and patients undergoing cardiovascular surgery 39, 40 . On the other hand, Kurtz et al 2 . concluded that both approaches are quantitatively interchangeable and do not offer diagnostic or prognostic advantages 2, 20 .
Clinical application: step-by-step diagnosis of acid-base imbalances
Acid-base disturbances may be primary, although they are more commonly secondary to diseases such as Diabetes Mellitus, renal failure, seizures, sepsis, gastroenteritis, pancreatic leaks, bowel obstruction, or the use of medications such as isoniazid, furosemide or linezolid. Likewise, other systems may be affected during the course of a disease with acid-base imbalances, including the immune system, and bone resorption and formation abnormalities. However, the pathophysiological mechanisms have not been clearly elucidated 5, 41, 42 .
The approach to the diagnosis of acid-base imbalances requires establishing the relationship between the clinical history (vomiting, diarrhoea, oedema, dyspnoea, trauma, transfusions or medications), the physical examination (signs of dehydration or oedema, polypnea, tetany, coma) and blood gas parameters. This requires determining which is the predominant component (respiratory or metabolic), and analysing the consistency of the compensatory mechanism, always bearing in mind that there are physiological overcompensations that lead to mixed or combined acid-base disturbances 5, 26, [43] [44] [45] [46] .
A simple, expedite approach without complex and multiple variables that can estimate metabolic components is of the utmost importance to help with the interpretation and diagnosis of acid-base imbalances. Therefore, we recommend the use of the approach that implements SBE and to follow the algorithm proposed in Fig. 1 , with the following analytical sequence: • SBE less than −3 mmol/L indicates metabolic acidosis, and SBE greater than a +3 mmol/L indicates metabolic alkalosis (reference range between −3 and +3 mmol/L). 4. Consistency of the compensatory mechanism or mixed disorder (combined): once the origin of the primary disorder is determined (respiratory or metabolic), a determination is made of whether the other component tries to compensate, or totally compensates, the pH (e.g. respiratory acidosis with metabolic alkalosis); or if, on the contrary, it helps perpetuate the disorder (e.g. metabolic acidosis with respiratory acidosis) 5, 6, 26, 29, 32, [43] [44] [45] [47] [48] [49] [50] . (Fig. 1) .
Illustrative cases
The following cases will be analysed applying the diagnostic algorithm for acid-base disturbances proposed in Fig. 1 :
Case 1: A 35-year-old male patient with a history of alcohol abuse was found unconscious in his apartment by a neighbour. He is taken to the emergency service where he arrives with a blood pressure of 100/60 mmHg, heart rate of 124× min, no fever, mild response to painful stimuli. Blood gases are taken on admission, with the following results: pH 6.92, PaCO 2 80 mmHg and SBE −14.2 mmol/L.
According to the proposed algorithm, the first thing to do is to use pH to determine whether there is acidosis, alkalosis or normal balance. In this case, pH is 7.35, corresponding to acidosis. Next is the metabolic component, and BE is less than −3 mmol/L, indicating metabolic acidosis. Finally, PaCO 2 is greater than 45 mmHg, leading unexpectedly to the initial diagnosis of respiratory acidosis, meaning that there is no respiratory compensation. The conclusion from the analysis is a diagnosis of mixed acidosis 51 .
Case 2: A 72-year-old female patient is admitted to the emergency service with symptoms of fever, lower abdominal pain, dyspnoea, and anuria lasting for 2 days. She has a history of diabetes mellitus type II, treated with metformin. Findings on physical examination include dehydration, tachypnea, heart rate 120× min, blood pressure 110/80 mmHg, and no other abnormal findings. The results of blood gases taken on admission are pH 6.82, PaCO 2 20.2 mmHg, SBE -30.2 mmol/L.
In this case, pH is lower than 7.35, indicating acidosis. BE is less than −3 mmol/L, so there is metabolic acidosis. Finally, PaCO 2 is found to be less than 35 mmHg, leading to the diagnosis of respiratory alkalosis. Based on all the results, we may conclude that the diagnosis is metabolic acidosis with partial compensation (the physiological mechanisms cannot bring the pH within the reference range) 19 .
Case 3: A 51-year-old female patient admitted to hospital with symptoms of fever, dyspnoea and cough. She had been discharged five days before after presenting with CMV gastroenteritis. She has a history of hypertensive renal failure with renal transplant 15 months before and was given prednisolone, valganciclovir, metoprolol, acetaminophen, mycophenolate mofetil and ranitidine. On physical examination, temperature is 41 • C, heart rate 90× min, blood pressure 170/80 mmHg, respiratory rate 33× min, and there is left basal crepitation. Blood gases show the following results: pH 7.42, PaCO 2 19.5 mmHg, BE −10.4 mmol/L.
In this case, pH is within the reference value 7, 42 , but given the history of grastroenteritis and renal transplant due to renal failure, the first step is to look for the metabolic component, and the SBE is found at −10.4 mmol/L, revealing metabolic acidosis. Then, expecting a compensatory response, a low PaCO 2 (19.5 mmHg) indicates respiratory alkalosis. Results lead to a final diagnosis of totally compensated metabolic acidosis. It is of the utmost importance to establish an adequate clinical correlation when evaluating blood gas parameters in order to avoid making a wrong diagnosis. In this case, failure to make the correlation would lead to a diagnosis of totally compensated respiratory alkalosis 19, 52 .
Conclusions
Almost all the physiological variables available in plasma are used for analysing the acid-base equilibrium with the Stewart model, although the model is difficult to apply in clinical practice. The traditional Henderson-Hasselbalch approach may be considered a simplified and readily measured model, which does not change the diagnosis or the initial management.
BE is calculated by the blood gas machine from values like pH and PaCO 2 , the same used in the traditional approach, and it provides an accurate estimate of the metabolic component of the acid-base equilibrium calculated by the Stewart method. So, for practical purposes, the three variables -pH, PaCO 2 , and SBE -may be used to achieve a correct diagnosis of acid-base disturbances, using the proposed algorithm ( Fig. 1) in clinical practice.
